Avondale University

ResearchOnline@Avondale
Science and Mathematics Papers and Journal
Articles

School of Science and Mathematics

1-7-2016

Considering the Chemical Energy Requirements of the Tri-npropylamine Co-Reactant Pathways for the Judicious Design of
New Electrogenerated Chemiluminescence Detection Systems
Emily Kerr
Deakin University

Egan H. Doeven
Deakin University

David J. Wilson
La Trobe University, david.wilson@latrobe.edu.au

Conor F. Hogan
La Trobe University

Paul S. Francis
Deakin University

Follow this and additional works at: https://research.avondale.edu.au/sci_math_papers
Part of the Chemistry Commons

Recommended Citation
Kerr, E., Doeven, E. H., Wilson, D. J., Hogan, C. F., & Francis, P. S. (2016). Considering the chemical energy
requirements of the tri-n-propylamine co-reactant pathways for the judicious design of new
electrogenerated chemiluminescence systems. Analyst, 141(1), 62-69. doi:10.1039/C5AN01462J

This Article is brought to you for free and open access by the School of Science and Mathematics at
ResearchOnline@Avondale. It has been accepted for inclusion in Science and Mathematics Papers and Journal
Articles by an authorized administrator of ResearchOnline@Avondale. For more information, please contact
alicia.starr@avondale.edu.au.

Open Access Article. Published on 03 November 2015. Downloaded on 22/07/2016 16:53:49.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Analyst
View Article Online

TUTORIAL REVIEW

Cite this: Analyst, 2016, 141, 62

View Journal | View Issue

Considering the chemical energy requirements of
the tri-n-propylamine co-reactant pathways for
the judicious design of new electrogenerated
chemiluminescence detection systems†
Emily Kerr,a Egan H. Doeven,b David J. D. Wilson,c Conor F. Hoganc and
Paul S. Francis*a
The introduction of a ‘co-reactant’ was a critical step in the evolution of electrogenerated chemiluminescence (ECL) from a laboratory curiosity to a widely utilised detection system. In conjunction with a suitable electrochemiluminophore, the co-reactant enables generation of both the oxidised and reduced
precursors to the emitting species at a single electrode potential, under the aqueous conditions required
for most analytical applications. The most commonly used co-reactant is tri-n-propylamine (TPrA), which
was developed for the classic tris(2,2’-bipyridine)ruthenium(II) ECL reagent. New electrochemiluminophores such as cyclometalated iridium(III) complexes are also evaluated with this co-reactant. However,
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attaining the excited states in these systems can require much greater energy than that of tris(2,2’-bipyri-

DOI: 10.1039/c5an01462j

dine)ruthenium(II), which has implications for the co-reactant reaction pathways. In this tutorial review, we
describe a simple graphical approach to characterise the energetically feasible ECL pathways with TPrA,

www.rsc.org/analyst

as a useful tool for the development of new ECL detection systems.

Early electrogenerated chemiluminescence (ECL) experiments
involved the electrochemical oxidation and reduction of a
luminescent compound to form reactive radicals capable of
generating the radiative electronically excited state through
annihilation (reactions (1)–(4)).1
M  e ! Mþ
M þ e ! M

ðoxidation during anodic stepÞ

ð1Þ

ðreduction during cathodic stepÞ

ð2Þ

Mþ þ M ! M* þ M

ðexcited state formationÞ

M* ! M þ hν ðemission of lightÞ

ð3Þ
ð4Þ

Although this process remains important for the exploration of the fundamental properties of ECL systems2–4 and the
development of ECL-based light-emitting devices,5 its application in chemical analysis is limited by the relatively small
a
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potential window of aqueous solutions, which generally prohibits
the direct electrochemical generation of both the oxidised and
reduced species. An elegant solution to this problem was devised
by Bard and co-workers,6,7 who utilised oxalate as a ‘co-reactant’
that when oxidised, forms a strong reductant (CO2−•). Thus, a
water-soluble luminophore such as tris(2,2′-bipyridine)ruthenium(II) ([Ru(bpy)3]2+) could be oxidised in the presence of
oxalate, with the subsequent reaction between [Ru(bpy)3]3+ and
CO2−• generating the radiative excited state (reactions (5)–(7)).7
½RuðbpyÞ3 2þ  e ! ½RuðbpyÞ3 3þ
½RuðbpyÞ3 3þ þ C2 O4 2 ! ½RuðbpyÞ3 2þ þ CO2 • þ CO2
½RuðbpyÞ3 3þ þ CO2 • ! ½RuðbpyÞ3 2þ * þ CO2

ð5Þ
ð6Þ
ð7Þ

8

Leland and Powell subsequently demonstrated that tri-npropylamine (TPrA) was an even more eﬀective co-reactant for
[Ru(bpy)3]2+ ECL. Oxidation of TPrA and related amines
initially produces the corresponding aminium radical cation,
which rapidly deprotonates to form a highly reductive α-amino
alkyl radical (reactions (8) and (9)).
TPrA  e ! TPrAþ•

ð8Þ

TPrAþ• ! TPrA• þ Hþ

ð9Þ

A vast range of ECL-based analytical applications involving
[Ru(bpy)3]2+ (and its derivatives) with TPrA as co-reactant have

This journal is © The Royal Society of Chemistry 2016
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trum.9,19,20 These complexes oﬀer not only improvements in
the analytical performance of existing ECL methodology,17,21
but also the possibility of multi-colour, multiplexed ECL
assays.22–25 However, the generation of the excited states in
these systems can require significantly greater energy than that
of [Ru(bpy)3]2+*, which has important implications for the contribution (and even the feasibility) of the pathways shown in
Schemes 1–4. Herein, we re-examine the classic co-reactant
ECL discussion of Bard and co-workers13 under the new
context of IrIII-based multi-coloured ECL. We then discuss the
limitations of considering the reactions in this manner.
Schemes 1–4 can be summarised (and generalised) as the
following key reaction steps:

Schemes 1–4 The mechanism of co-reactant ECL for [Ru(bpy)3]2+
and TPrA. Adapted from W. Miao, J.-P. Choi, and A. J. Bard, Electrogenerated chemiluminescence 69: the tris(2,2’-bipyridine)ruthenium(II),
(Ru(bpy)32+)/tri-n-propylamine (TPrA) system revisited – a new route
involving TPrA cation radicals, J. Am. Chem. Soc., 124, 14478–14485.
Copyright 2002, American Chemical Society.

since emerged,9,10 and the reaction mechanism has been
extensively explored.8,11–14
In 2002, Bard and co-workers13 provided a comprehensive
account of the light-producing reaction pathways of the
[Ru(bpy)3]2+-TPrA ECL system (Schemes 1–3), and uncovered
an additional route (Scheme 4) that reconciled several seemingly anomalous previous findings. This work has been
recounted in the literature on many occasions,9,15 and (at least
in part) extended to describe related ECL systems involving
other metal complexes or alternative co-reactants.3,14,16–18
The relative contribution from each pathway of Schemes
1–4 is influenced by the reaction conditions, and fundamentally dependent on the relative redox potentials of each species
in solution. This is an important consideration in the
design of novel co-reactants and electrochemiluminophores,
particularly those with emission wavelengths that can vary
greatly from those of [Ru(bpy)3]2+.
Cyclometalated IrIII complexes are currently of great interest
for the development of reagents with superior ECL eﬃciencies
and emission colours that span the entire visible spec-

This journal is © The Royal Society of Chemistry 2016

M  e ! Mþ

ð10Þ

TPrA  e ! TPrAþ•

ð11Þ

Mþ þ TPrA ! M þ TPrAþ•

ð12Þ

TPrAþ• ! TPrA• þ Hþ

ð13Þ

Mþ þ TPrA• ! M* þ other products

ð14Þ

M þ TPrA• ! M þ other products

ð15Þ

M þ Mþ ! M* þ M

ð16Þ

M þ TPrAþ• ! M* þ TPrA

ð17Þ

M* ! M þ hν

ð18Þ

In our initial discussion, we compare the energy requirements of the key reaction steps of each scheme with the emission wavelengths and redox potentials of [Ru(bpy)3]2+ and four
IrIII complexes examined in previous ECL studies:
[Ir( ppy)2( phen)]+ ( phen = 1,10-phenanthroline),17,26 [Ir( ppy)3]
( ppy = 2-phenylpyridine),4,17,18,22,23 [Ir(df-ppy)3] (df-ppy =
difluoro-2-phenylpyridine),4,18,24 and [Ir(df-ppy)2( ptb)]+ ( ptb =
1-benzyl-1,2,3-triazol-4-ylpyridine).4,18 These complexes have
been reported to generate co-reactant ECL intensities with
TPrA that were 400%, 1.4%, 7.2% and 24% that of
[Ru(bpy)3]2+, respectively, in acetonitrile.17,18 We have also
included [Ir( pmi)3],4,18 which has a high photoluminescence
quantum eﬃciency, but does not exhibit co-reactant ECL with
TPrA. Most of these complexes are not soluble in water, but
they have formed the basis of further development of IrIII complexes exhibiting high ECL eﬃciencies and/or water solubility.
We have therefore used their properties measured in acetonitrile. It is not ideal to compare redox potentials measured in
diﬀerent solvents,27 but similar potentials have been reported
for the oxidation of TPrA in water (0.88 V vs. SCE)12,28 and
acetonitrile/benzene (0.9 V vs. SCE).28 Moreover, a TPrA•
reduction potential of −1.7 V (vs. SCE) has been used to estimate the energetics of ECL reactions in aqueous and nonaqueous solvents.13,28
When considering Scheme 1 (incorporating reactions (10),
(11), (13), (14) and (18)) in the development of a new metal
complex, M, the energy required to generate the excited state
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M* (via reaction (14)) will be greater when the wavelength of
emission is shorter (E = hc/λ). In a previous study, Kapturkiewicz
and Angulo21 explored the influence of energetics on ECL
eﬃciency for the case of varying reduction potential and con°
stant Eox
. More recently, Hogan and co-workers29 proposed a
°
plot of Eox versus λmax of the metal complex (luminophore) as a
means of quickly identifying energy suﬃcient co-reactant ECL
systems (with constant co-reactant reduction potential).
Referred to as the ‘wall of energy suﬃciency’, the plot suggests
°
critical values of Eox
for each emission wavelength, which can be
estimated from the requirement of a favourable free energy
(ΔG < 0) of the electron transfer reaction (reaction (14)):
°
ΔG ¼ E°ðTPrA• Þ  Eox
þ EES

ð19Þ

where EES is the spectroscopic energy of the excited state (in
eV) and E°(TPrA•) is the reduction potential of the TPrA•
radical. The EES is ideally taken from the λmax of the emission
spectrum measured at low temperature, but can be derived
from room-temperature data to a first approximation. For simplicity, we have omitted the Coulomb repulsion energy
required to bring the reactants into the active complex and the
vibrational levels of the radiative transition, as these contributions are relatively small. For analytical applications of ECL,
the analysis of Hogan and co-workers29 is most relevant, where
the emission colour and oxidative power of the luminophore
are the variables, and the reduction potential of the co-reactant
is constant.
The utility of this analysis is illustrated in Fig. 1 with a plot
of energy requirements for Scheme 1 with a TPrA co-reactant.

Fig. 1 Energy requirements for Scheme 1 (reaction (14)) with TPrA as
co-reactant, in terms of oxidation potentials and emission wavelengths
of the metal complexes: (i) [Ru(bpy)3]2+, (ii) [Ir( ppy)2( phen)]+, (iii)
[Ir(ppy)3], (iv) [Ir(df-ppy)3], (v) [Ir(df-ppy)2(ptb)]+, and (vi) [Ir(pmi)3]. Reaction
(14) is energetically favourable for complexes with oxidation potentials
above the line (in the blue coloured area). The curved line is obtained
from eqn (19), where ΔG = 0. The line is curved because of the inverse
proportional relationship between energy and wavelength (E = hc/λ).

64 | Analyst, 2016, 141, 62–69

°
There is a minimum Eox
value required for any metal complex
(with a particular co-reactant) to enable the possibility of ECL
to occur via Scheme 1 (ΔG < 0 for eqn (19)). Of the example
metal complexes shown, only [Ir( pmi)3] (which does not generate co-reactant ECL with TPrA) does not meet this
requirement.
In the ‘catalytic route’ depicted in Scheme 2 (reactions (10),
°
(12) and (13)), we find a second condition on Eox
of the metal
complexes. This pathway may provide a more eﬃcient12 means
to generate TPrA+•, but will only proceed if the potential of the
M/M+ couple is more positive than the oxidation potential of
the co-reactant (Fig. 2). However, this is not an essential
criterion for the generation of ECL, because TPrA+• is also
electrochemically generated (reaction (11)). A well-known
example of this is the co-reactant ECL of [Ir( ppy)3] (complex iii,
Fig. 2), which cannot proceed with TPrA via this catalytic route,
°
but still possesses a suﬃcient Eox
to generate ECL via
Scheme 1 (Fig. 1). In such cases, the reverse of reaction (12)
may occur, where the TPrA+• species can oxidise the metal
°
complex. Moreover, in cases were the Eox
of the metal complex
is suﬃcient to allow Scheme 2 to occur, its contribution to the
overall ECL intensity will diminish as the concentration of the
metal complex is lowered.11
°
The first reduction potential of the metal complex (Ered
) can
also be an important factor in the relative intensity of co-reactant ECL. Although in aqueous solution it is generally diﬃcult
to reduce complexes such as [Ru(bpy)3]2+ at a platinum electrode, [Ru(bpy)3]+ has been detected when generated by other
means and is suﬃciently stable to produce ECL12 via
Scheme 3 (incorporating reactions (10), (11), (13), (15), (16)
and (18)). For this to occur, the metal complex must be capable of being reduced by the TPrA• intermediate (reaction (15)).

Fig. 2 Energy requirements for Scheme 2 (reaction (12)) with TPrA as
co-reactant, in terms of oxidation potentials and emission wavelengths
of the metal complexes: (i) [Ru(bpy)3]2+, (ii) [Ir( ppy)2( phen)]+, (iii)
[Ir( ppy)3], (iv) [Ir(df-ppy)3], (v) [Ir(df-ppy)2( ptb)]+, and (vi) [Ir( pmi)3].
Reaction (12) is energetically favourable for complexes with oxidation
potentials above the line (in the red coloured area).

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Energy requirements for Scheme 3 (reaction (15)) with TPrA as
co-reactant, in terms of reduction potentials and emission wavelengths
of the metal complexes: (i) [Ru(bpy)3]2+, (ii) [Ir( ppy)2( phen)]+, (iii)
[Ir( ppy)3], (iv) [Ir(df-ppy)3], and (v) [Ir(df-ppy)2( ptb)]+. Reaction (15) is
energetically favourable for complexes with reduction potentials above
the line (in the yellow coloured zone). The reduction potential of
complex (vi) [Ir( pmi)3] is beyond the potential window of the solvent.

That is, the potential of the M/M− couple must be less negative
than that of TPrA• (Fig. 3). Of the metal complexes shown,
[Ru(bpy)3]2+ and [Ir(ppy)2(phen)]+ clearly meet this requirement,
with [Ir(df-ppy)2(ptb)]+ a borderline case.
In 2002, Bard and co-workers provided evidence of another
pathway in the co-reactant ECL of [Ru(bpy)3]2+ with TPrA, in
which the emitter was generated by the reaction of [Ru(bpy)3]+
with TPrA+• (Scheme 4, incorporating reactions: (11), (13), (15),
(17) and (18)). This process is dependent on favourable
energetics for both the formation of M− (reaction (15)) and the
subsequent generation of the excited state species upon reaction with TPrA+• (reaction (17)). As with reaction (14), the
energy required to generate the excited state in reaction (17)
will be greater when the wavelength of emission is shorter,
and can be estimated by the following relationship:
þ

ΔG ¼ E°ðM Þ  E°ðTPrA• Þ þ EES

ð20Þ

Only complexes with reduction potentials that fall into the
enclosed zone shown in green in Fig. 4 will meet the energetic
requirements of this pathway to ECL emission. Of the complexes shown, only [Ru(bpy)3]2+ and [Ir( ppy)2( phen)]+ are
capable of generating ECL via Scheme 4.
Complexes for which the generation of M− (reaction (15)) is
energetically favourable (Fig. 3), irrespective of whether or not
they can achieve the excited state via reaction with TPrA+• (Fig. 4),
can still generate the excited state species via the annihilation
process (reaction (16)). However, at relatively low metal complex
concentrations, the annihilation pathway will become less probable, and if energetically possible (i.e., if the reduction potential
of the metal complex falls into the green zone in Fig. 4), reaction

This journal is © The Royal Society of Chemistry 2016

Fig. 4 Energy requirements for Scheme 4 (reactions (15) and (17)) with
TPrA as co-reactant, in terms of reduction potentials and emission
wavelengths of the metal complexes: (i) [Ru(bpy)3]2+, (ii)
[Ir( ppy)2( phen)]+, (iii) [Ir( ppy)3], (iv) [Ir(df-ppy)3], (v) [Ir(df-ppy)2( ptb)]+,
and (vi) [Ir( pmi)3]. Reactions (15) and (17) are both energetically favourable for complexes with reduction potentials in the green coloured area.
The reduction potential of complex (vi) [Ir( pmi)3] is beyond the potential
window of the solvent. The curved line is obtained from eqn (20), where
ΔG = 0.

(17) (Scheme 4) will become the dominant pathway to the excited
state species from the reduced complex M−.
Fig. 5 shows the combined energy requirements for
Schemes 1–4 using TPrA as a co-reactant. It is clear that only
one of the IrIII complexes shown here, [Ir( ppy)2( phen)]+, can
generate ECL via pathways analogous to all four schemes outlined by Bard and co-workers13 for the classic [Ru(bpy)3]2+-TPrA
system. This IrIII complex was reported17 to give a 4-fold
greater co-reactant ECL intensity than [Ru(bpy)3]2+ under the
same conditions.
Following Bard and co-workers’ determination of the
reduction potential of the TPrA• radical,28 Kim and coworkers17 examined the co-reactant ECL of several IrIII complexes that had reduction potentials less negative than TPrA•
and oxidation potentials more positive than [Ir( ppy3)] (which
more importantly would mean that they were more positive
than that of TPrA). These complexes included [Ir( pq)2(tmd)]
( pq = 2-phenylquinoline anion; tmd = 2,2′,6,6′-tetramethylhepta-3,5-dione anion), and [Ir( pq)2(acac)] (acac = acetylacetonate anion), which gave co-reactant ECL intensities that
were 49-fold and 77-fold greater than that of [Ru(bpy)3]2+,
respectively. As shown in Fig. 6, the electrochemical and spectroscopic properties of these complexes facilitate reaction pathways analogous to all four schemes described by Bard and coworkers13 for the generation of ECL.
Examining their respective positions in Fig. 6a, it is not
immediately apparent why these two complexes gave much
greater ECL intensities than similar complexes such as
[Ir( ppy)2( phen)]+, which has a higher photoluminescence

Analyst, 2016, 141, 62–69 | 65
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Fig. 5 Combined energy requirements for Schemes 1–4 (reactions
(10)–(18)) with TPrA as co-reactant, in terms of redox potentials and
emission wavelengths of the metal complexes: (i) [Ru(bpy)3]2+, (ii) [Ir( ppy)2( phen)]+, (iii) [Ir( ppy)3], (iv) [Ir(df-ppy)3], (v) [Ir(df-ppy)2( ptb)]+, and
(vi) [Ir( pmi)3]. The dashed lines link the oxidation and reduction potentials of each complex. The numbers indicate which schemes are feasible
in each zone. #Scheme 2 results in the oxidation of TPrA, but the generation of ECL requires at least one of the other three schemes to occur.

quantum yield (0.14 vs. 0.10). Kim et al.17 ascribed the eﬀectiveness of [Ir( pq)2(tmd)] and [Ir( pq)2(acac)] to “well-matched”
oxidation and reduction potentials with those of TPrA and
TPrA•, allowing eﬃcient electron transfer, coupled with the
high stability of the respective oxidation states of the complexes formed in the ECL process.
Fig. 5 also illustrates two major diﬃculties in developing
blue-light emitters for eﬃcient co-reactant ECL with TPrA: (a)
as the emission energy increases, so does the M+ potential
required to generate the electronically excited M* upon reaction with TPrA• (i.e., the lower limit of purple zone in Fig. 5).
This problem is compounded in aqueous solution, where this
minimum oxidation potential quickly nears the level required
to oxidise the solvent to dioxygen, which can quench the
excited state. (b) For complexes with emission maxima below
∼480 nm, even if it is possible to generate M− (via reaction
(15)), the reaction of M− with TPrA•+ to produce M* (reaction
(17)) is not energetically feasible (i.e., left of green zone in
Fig. 5), which removes Scheme 4 as a possible contributor to
the overall ECL emission.
The negative charge on the ppy ligands of the green-ECL
emitter [Ir( ppy)3] provides strong σ-donation through each
Ir–C bond, resulting in facile metal-centred oxidation combined with diﬃcult ligand based reduction. Consequently, as
shown in Fig. 5, the only pathway to co-reactant ECL for
[Ir( ppy)3] and TPrA is analogous to Scheme 1 (i.e., the emitter
is generated by reaction (14), but not reactions (16) and (17)
under these circumstances). Not surprisingly, the co-reactant
ECL of [Ir( ppy)3] with TPrA is poor compared to that of

66 | Analyst, 2016, 141, 62–69

Fig. 6 (a) Position of the complexes reported by Kim and co-workers,17
which exhibited excellent co-reactant ECL eﬃciencies with TPrA, in
acetonitrile. Complexes: (i) [Ru(bpy)3]2+, and (ii) [Ir( ppy)2( phen)]+. The
numbers on the right side of the graph indicate which schemes are
energetically feasible in each zone. (b) Chemical structures of
[Ir( pq)2(tmd)], and [Ir( pq)2(acac)], which gave co-reactant ECL with TPrA
that was 49-fold and 77-fold greater than that of [Ru(bpy)3]2+ (in acetonitrile), respectively.

[Ru(bpy)3]2+,22 despite its very high photoluminescence
quantum yield.18,22 The low redox potentials of [Ir( ppy)3] also
result in its excited state being a particularly powerful reductant, which leads to the interesting and potentially useful
quenching of its co-reactant ECL at high overpotentials.24,25,30
The presence of the electron withdrawing fluoro groups on
the phenyl rings in [Ir(df-ppy)3] stabilises the HOMO and to a
lesser extent the LUMO.18 This not only results in a positive
shift in both the oxidation and reduction potentials, but also a
significant blue-shift in the emission. In terms of the energy
requirements of the reaction pathways (Fig. 5), Schemes 1 and
2 are feasible for this complex, but not Schemes 3 and 4. The
co-reactant ECL of [Ir(df-ppy)3] with TPrA is 5-fold greater than
that of [Ir( ppy)3], but still considerably lower than that of
[Ru(bpy)3]2+.
The replacement of a df-ppy with a 1-benzyl-1,2,3-triazol-4ylpyridine (ptb) ligand, as in [Ir(df-ppy)2(ptb)]+, provides a
further positive shift in redox potentials and blue-shift in the
emission.18 Therefore, reaction (14) becomes more energetically

This journal is © The Royal Society of Chemistry 2016
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favourable, and as shown in Fig. 5, the reduction potential of
this complex is now in a position that creates the possibility of a
ECL pathway via the reduced M-complex (reactions (15) and
(16)), analogous to Scheme 3. [Ir(df-ppy)2(ptb)]+ exhibits 3-fold
superior co-reactant ECL intensity than [Ir(df-ppy)3], but still
only 24% that of [Ru(bpy)3]2+ (with TPrA in acetonitrile).
The overall positive charge of [Ir(df-ppy)2( ptb)]+ provides
greater solubility in polar solvents than neutral complexes
such as [Ir( ppy)3] or [Ir(df-ppy)3],18 but the aqueous solubility
of [Ir(df-ppy)2( ptb)]+ is still much lower than [Ru(bpy)3]2+.
Nevertheless, the combination of difluorophenylpyridine and
triazolylpyridine ligands provides a good starting point for
the development of eﬃcient water-soluble blue-emitters for
co-reactant ECL.3,18
We recently examined the relative co-reactant ECL intensity
of two closely related complexes (Fig. 7b) that contained either
a sulfonate group on each df-ppy ligand ([Ir(df-ppySO3)2( ptb)]−) or a tetraethylene glycol (TEG) group on the triazolylpyridine ligand ([Ir(df-ppy)2( pt-TEG)]+) to further improve
their aqueous solubility (Fig. 7b).31 In buﬀered aqueous solution, with TPrA as co-reactant, these complexes gave ECL
intensities that were 18% and 102% and that of [Ru(bpy)3]2+,
respectively. The discrepancy between the ECL intensity of
these two complexes is interesting, and may result from
several contributing factors. Firstly, both complexes can
proceed via pathways analogous to Schemes 1 and 2 (Fig. 7a),
and as discussed above, Scheme 4 is not feasible. The parent
[Ir(df-ppy)2( ptb)]+ was on the borderline of the reduction
potential estimated for Scheme 3 (Fig. 3). Reduction potentials for [Ir(df-ppy-SO3)2( ptb)]− and [Ir(df-ppy)2( pt-TEG)]+
obtained in acetonitrile (100 μM complex with 0.1 M tetraammonium hexafluorophosphate) were found to be identical with
that of [Ir(df-ppy)2( ptb)]+ (−2.14 V vs. Fc0/+) within experimental error. Nevertheless, it should be noted that the M−
species generated in Scheme 3 will be less stable in water than
acetonitrile (although it can contribute to the generation of
ECL in either solvent12), and therefore even if feasible,
Scheme 3 may make a lesser contribution in aqueous solution.
Unlike the previous systems in acetonitrile, the oxidation of
complexes in aqueous solution is to a certain extent compromised by the lower potential limit of the solvent, resulting in
the generation of oxygen, which can quench the emission.
Thus, the slightly higher applied potential required for the oxidation of [Ir(df-ppy-SO3)2( ptb)]− in aqueous solution could be
expected to lower its ECL intensity relative to [Ir(df-ppy)2( ptTEG)]+. However, it is perhaps more likely that the observed
diﬀerence in ECL intensity arises from the inherent relative
stabilities of the corresponding M+ forms of the complexes in
that solvent.

Tutorial Review

Fig. 7 (a) Position of two IrIII complexes exhibiting high aqueous solubility and reasonably high blue ECL intensities with TPrA as co-reactant in
buﬀered aqueous solution.31 The reduction potential were estimated
based on measurements in acetonitrile solvent. (b) Chemical structures
of [Ir(df-ppy)2( pt-TEG)]+, and [Ir(df-ppy-SO3)2( ptb)]−, which gave coreactant ECL with TPrA that was 102% and 18% that of [Ru(bpy)3]2+ (in
buﬀered aqueous solution), respectively.

Other considerations
It is important to discuss the limitations of these graphs.
Their construction depends on the accuracy of the electrochemical and spectroscopic data. The redox potentials of the
metal complex are generally easy to measure, but that of ir-

This journal is © The Royal Society of Chemistry 2016

reversibly oxidised co-reactants, and short lived intermediates
such as TPrA•, are diﬃcult to establish and will inevitably
carry some error. Moreover, redox potentials often vary with

Analyst, 2016, 141, 62–69 | 67

View Article Online

Open Access Article. Published on 03 November 2015. Downloaded on 22/07/2016 16:53:49.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Tutorial Review

conditions such as pH,12 solvent,12 and electrode material,11
which (coupled with variation in reported reference electrode
potentials32) can make it diﬃcult to directly compare data
between diﬀerent studies.
The emission maxima of the complexes are ideally taken
from low-temperature data, but this is not always available,
and so room temperature data may be used as an approximation. Diﬀerences in the λmax of IrIII complexes established
at 298 K and 77 K of 5–15 nm are common.19
Significant error in reported λmax can arise due to a lack of
correction for the sensitivity of the spectrometer and/or photodetector over the wavelength range. This eﬀect can also introduce considerable bias into comparisons of the relative ECL
intensities of complexes with significantly diﬀerent emission
maxima. For example, using a ‘blue sensitive’ bialkali photomultiplier tube, we recently measured the overall ECL intensity
of the blue-emitter [Ir(df-ppy)2( pt-TEG)]+ as 12-fold greater
than that of the orange-emitter [Ru(bpy)3]2+ under the same
conditions (using TPrA as a co-reactant).31 However, when we
replaced the photomultiplier tube with an ‘extended-range’
trialkali analogue, the measured ECL intensity of [Ir(dfppy)2( pt-TEG)]+ was only 0.4-fold that of the RuII complex.
Care must also be taken in the interpretation of these
graphs. They provide a useful guide of the energy required for
several key reaction steps for complexes that emit diﬀerent
wavelengths of light, and a quick assessment of the feasible
reaction pathways. However, they do not directly account for
factors such as the stability of the oxidised and reduced complexes, the kinetics of the reactions, luminescence quantum
yields, influence of the potential window of the solvent, the
eﬀect of the electrode material on electrochemical reaction
steps, and possible quenching of the excited state by the
various species in solution,12,30 which can have a major influence on the ECL intensity.
Nevertheless, these graphs can serve as guide to the development of new analytical ECL systems, especially where consideration of the light-producing pathways is an important
factor. For example, in typical commercial ECL-based immunodiagnostic systems, the metal-complex labels in the immunoassay are immobilised on magnetic microbeads. Even when
the beads are held to the electrode by a magnetic field, most of
the metal complexes will not be close enough to the electrode
for direct oxidation13 and therefore Scheme 4 becomes a critical pathway to realise highly sensitive ECL detection under
these conditions. Fig. 4 indicates that this pathway is not feasible for metal complexes exhibiting blue luminescence when
TPrA is used as a co-reactant. Finally, this approach (Fig. 1–5)
highlights the importance of discovering new co-reactants that
best compliment the electrochemical characteristics of novel
electrochemiluminophores.
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